The self-consistent charge density-functional tight-binding ͑SCC-DFTB͒ method is employed for studying various molecular properties of small fullerenes: C 28 , C 60 , and C 70 . The computed bond distances, vibrational infrared and Raman spectra, vibrational densities of states, and electronic densities of states are compared with experiment ͑where available͒ and density-functional theory ͑DFT͒ calculations using various basis sets. The presented DFT benchmark calculations using the correlation-consistent polarized valence triple zeta basis set are at present the most extensive calculations on harmonic frequencies of these species. Possible limitations of the SCC-DFTB method for the prediction of molecular vibrational and optical properties are discussed. The presented results suggest that SCC-DFTB is a computationally feasible and reliable method for predicting vibrational and electronic properties of such carbon nanostructures comparable in accuracy with small to medium size basis set DFT calculations at the computational cost of standard semiempirical methods.
I. INTRODUCTION
The discovery of fullerene molecules and carbon nanotubes ushered in a new era of nanoscience and nanotechnology. 1 Very unique and intriguing physical properties of these molecules attracted numerous researchers all over the world, although experimental characterization of carbon nanomaterials molecules is very often difficult. Unfortunately, theoretical prediction of properties that could assist in the characterization is not easy due to the large number of atoms, which makes it very difficult to apply rigorous ab initio or first principles electronic structure methods. Quantum chemical treatment is very important for -conjugated carbon networks to describe properly sp 2 -carbon based nanomaterials formation and chemistry. 2, 3 Conventional single-determinant wave-function-based quantum chemical methods are currently capable to calculate energies and optimized geometries for relatively simple systems containing up to a few hundreds of carbon atoms. For more complex structures, for instance, fullerene assemblies allow to go beyond a hundred atoms with 1000+ basis functions for the calculation of analytical second derivatives, 7 while the numerical evaluation of the Hessian is impractical and not accurate. To find a feasible alternative for the costly conventional quantum chemical methods in case of large systems, a considerable part of scientific activity is devoted to develop algorithms that significantly reduce computational time while preserving accuracy as much as possible. The most promising ideas are connected to concepts of localized molecular orbitals, 8 density-fitting techniques, 9 integral approximation, 10 and order N methods, 11 but the prediction of second-or higher-order quantities is still not feasible for systems with more than about 100 atoms with such clever mathematical approximations. 12 Another group of methods that receive recently much attention is known under the common name of semiempirical techniques. Born from the necessity that in the early days of quantum chemistry computers were not fast enough to deal with a rigorous formulation of HF and configuration interaction ͑CI͒ theory, semiempirical methods utilize a large number of approximations that concern usually both physical and mathematical aspects of the formalism and are generally considered to be less accurate. The self-consistent charge density-functional tightbinding ͑SCC-DFTB͒ method of Elstner and coworkers is a very successful method that uses a second-order expansion of the DFT electron density and two-center repulsive energy curves fitted to high-level DFT dissociation curves of model compounds. 13, 14 It combines in that sense empirical and mathematical approximations to DFT and is of comparable computational speed as "more conventional" semiempirical methods such as AM1 ͑Ref. 15͒ and PM3. 16 It has been applied for calculations of reaction energies and molecular geometries, showing very good agreement to experimental data, 14, 17, 18 and performs better than AM1 and PM3 methods regarding fullerene isomer geometries and energetics relative to B3LYP/ 6-31G͑d͒ data. 19 DFTB has also been employed in quantum chemical molecular dynamics simulations, which revealed that the dynamic self-assembly of buckminsterfullerene C 60 follows a "shrinking hot giant" road of fullerene formation. 3, 20 Recently, the present authors developed an analytical formulation of second-order derivatives for the SCC-DFTB method that allows for calculating analytical Hessian and harmonic vibrational frequencies. [21] [22] [23] The preliminary tests performed for a set of small and medium size molecules show that SCC-DFTB can be used for reproducing experimental fundamental frequencies and IR and Raman spectra in a satisfactory manner. It has been shown that it is possible to remove all large discrepancies between the calculated and experimental vibrational frequencies by refitting the original SCC-DFTB two-body potentials; 24 energies and optimized geometries computed using the reoptimized potentials do not show significant worsening.
The present paper represents a benchmark for the applicability of SCC-DFTB towards prediction of vibrational spectra of fullerene-based carbon nanomaterials for future employment in the assignment of experimental vibrational spectra. We selected three closed-shell fullerenes D 2 C 28 , I h C 60 , and D 5h C 70 as benchmark systems for a comparative study. Molecular structures and IR and Raman vibrational spectra obtained with SCC-DFTB are compared to experimental results ͑where available͒, to the C 60 and C 70 scaled B3LYP/ 6-31G͑d͒ IR and Raman harmonic vibrational spectra of Schettino et al. 25 and Sun and Kertesz, 26 respectively, and to our own unscaled BLYP DFT vibrational spectra, featuring a small 3-21G, 27 a medium 6-31G͑d͒, 28 and a large cc-pVTZ ͑Ref. 29͒ basis set. In particular, analytical BLYP/ cc-pVTZ calculations of vibrational spectra are computationally extremely demanding with 840, 1800, and 2100 basis functions for C 28 , C 60 , and C 70 , respectively, and represent themselves a milestone in the calculation of such highly accurate IR spectra for fullerene systems requiring several weeks of computer wall clock time at the Pacific Northwest Laboratory's EMSL. We selected the BLYP functional to perform a consistent set of benchmark calculations with different basis sets because it is known to predict vibrational frequencies close to experiment even without scaling, 30 in particular, with large pVTZ basis sets. 31 In addition, we performed calculations of the vibrational density of states ͑VDOS͒ and the electronic density of states ͑DOS͒ for all three molecules at the SCC-DFTB level of theory and compare the results to analogous results determined using BLYP/ 3-21G, BLYP/cc-pVTZ, and experimental values, where available. For all SCC-DFTB calculations, the new reparametrized repulsive potentials 24 were employed.
II. COMPUTATIONAL DETAILS
All DFTB and SCC-DFTB energy, geometry, and DOS calculations have been performed using a FORTRAN-based program. ͑Program DYLCAO was written in 1991 by Blaudeck. Further development was due to Porezag and Köhler. The self-consistent formalism was implemented by Elstner.͒ Harmonic vibrational frequencies, IR intensities, Raman activities, and vibrational densities of states have been obtained using an analytical second derivative module that has been developed in our group. 21 For all DFTB and SCC-DFTB calculations, we have used the new reoptimized repulsive potentials. 24 First principles DFT geometry optimizations were carried out using both B3LYP ͑Refs. 32 and 33͒ and BLYP ͑Ref. 32͒ density functionals. DFT calculation of vibrational spectra and VDOS was carried out using the BLYP functional only. Results for DOS are only presented for SCC-DFTB and BLYP, as the difference between BLYP and B3LYP density of electronic states is relatively small. Vibrational harmonic frequencies were left unscaled to allow more straightforward comparison between SCC-DFTB and BLYP data. Unless otherwise noted, we employed the 3-21G ͑Ref. 27͒ and 6-31G͑d͒ ͑Ref. 28͒ basis sets for all BLYP calculations using the GAUSSIAN03 suite of programs, 34 while DOS and IR vibrational frequency calculations with the much larger cc-pVTZ basis set were carried out using NWCHEM 4.7 ͑Ref. 35͒ at the EMSL Molecular Science Computing Facility. We accepted all default integration grid/convergence threshold parameters of the respective programs for second derivative calculations.
III. RESULTS AND DISCUSSION
Our benchmark of the DFTB and SCC-DFTB methods for the prediction of structural, vibrational, and optical properties of fullerene-based carbon nanostructures comprises five related quantities: ͑1͒ molecular structures, ͑2͒ vibrational frequencies, ͑3͒ IR and Raman intensities, ͑4͒ vibrational density of states ͑VDOS͒, and ͑5͒ electronic density of states ͑DOS͒. In the following we will discuss each quantity in separate subsections.
A. Optimized geometries
We have optimized the molecular structures of D 2 C 28 , I h C 60 , and D 5h C 70 , which are the lowest-energy isomers except for the case of C 28 , where a T d -symmetric structure with quintet electronic ground state is lower in energy. We chose the lowest-energetic singlet electronic state D 2 isomer for C 28 to avoid complications arising from the somewhat different open-shell treatment in spin-polarized version of DFTB ͑SCC-sDFTB͒. 36 We discuss results for both B3LYP and BLYP density functionals in combination with cc-pVTZ and 3-21G basis sets, and we compare the results with SCC-DFTB and DFTB optimized geometries. Relevant optimized molecular structures reported in this work are available in the supplemental material. 59 Symmetry-unique bond distances for C 28 , C 60 , and C 70 structures are given in Fig. 1 , and geometrical parameters for the optimized bond distances labeled therein are presented in Table I . We note that the bond distances are generally very similar for all the methods with the largest absolute discrepancy of approximately 0.06 Å. In particular, SCC-DFTB and DFTB show very little deviation, as partial charges of C 28 and C 70 are very small ͑C 60 has only one symmetry-unique atom with 0 charge, and SCC-DFTB and DFTB results are in this case identical due to symmetry͒. We reported the similarity of fullerene isomer geometries and energetics already earlier and also elaborated on the comparison between experimental and computed symmetryunique bond lengths of C 70 . 19 BLYP has a systematic tendency towards longer bonds by up to 0.022 Å ͑r 5 of C 28 ͒ compared to B3LYP, while larger basis sets generally reduce DFT geometries by an average of 0.01 Å difference. The shortening of C v C bonds with the inclusion of polarization functions is a well-known phenomenon; on the other hand, basis set and electron correlation effects are known to partially cancel each other in conjugated systems such as 1,3-butadiene, 37, 38 and the "correct" combination is often difficult to evaluate. 38 The only clear exception from the expected basis set dependence of bond lengths is the r 1 bond of C 60 at the B3LYP level of theory, which is shorter by 0.011 Å than cc-pVTZ in case of the 3-21G basis set and 0.005 Å shorter with respect to 6-31G͑d͒. 39 Solution phase NMR ͑Ref. 40͒ and gas phase electron diffraction 41 bond lengths for C 60 ͑1.40 and 1.45 Å͒ are in close agreement with large basis set DFT results ͑1.401 and 1.458 Å͒. DFTB bond lengths are longer by 0.01 and 0.02 Å compared to the experimental and large basis set DFT results. A similar comparison of DFTB/SCC-DFTB versus experimental bond lengths in C 70 yields a more complex picture. 19 The root mean square deviation rms Ј of SCC-DFTB from BLYP/cc-pVTZ bond lengths for all three fullerenes is 0.019 Å and the rms of SCC-DFTB from B3LYP/cc-pVTZ is 0.029 Å, once again indicating that SCC-DFTB agrees better with nonhybrid DFT geometries. We also note that SCC-DFTB and DFTB data tend to reproduce the smaller basis set DFT results; thus DFTB generally predicts the longest partial double bonds in this comparison. The origin for this behavior may be rooted in the fact the atomic parameters of DFTB are determined using the nonhybrid PBE density functional, 18 which itself has a tendency towards longer bond lengths. 42 The overall discrepancy of +0.03 Å compared to B3LYP/cc-pVTZ can, however, be considered relatively harmless given the fact that the still computationally much more expensive BLYP/3-21G exhibits an overall discrepancy of similar magnitude with +0.02 Å. We therefore confirm our previous finding that DFTB and SCC-DFTB can be used as a substitute for more expensive DFT calculations for the structural prediction of fullerene isomer structures.
B. Vibrational frequencies
While we could not find any reported theoretical vibrational data on C 28 , there are many harmonic vibrational spectra computed at various quantum chemical levels of theory for C 60 ͑Refs. 25, 39, and 43͒ and C 70 ͑Refs. 26 and 44͒ reported in the literature; the references quoted only cite the most recent works which contain more references to other computed IR and Raman spectra of these "popular" fullerenes. Tables II-IV list our theoretical harmonic vibrational frequencies at the BLYP level of theory with cc-pVTZ, 6-31G͑d͒, and 3-21G basis sets and at the SCC-DFTB level of theory. Experimental data for the 14 C 60 IR and Raman active modes were taken from Ref. 45 and for C 70 from the compilation by Schettino et al. 44 We compare our BLYP results to hybrid DFT B3LYP/ 6-31G͑d͒ vibrational frequencies computed by Schettino et al. 25 for C 60 and Sun and Kertesz for C 70 . 26 Both groups reported values using a common scaling factor of 0.98, following an earlier work from 1998 by Stratmann et al. on the B3LYP/ 6-31G͑d͒ calculation of C 60 IR active modes. 46 For comparison, the recommended uniform scaling factors for B3LYP and BLYP with Sadlej's pVTZ basis set are 0.9726 and 1.0047, 31 respectively. The use of such global scaling factors is problematic, as force constant coupling elements between different C-C and C v C bonds are often highly dependent on the level of electron correlation in a nonpredictable way. 47 Therefore, and to allow a fair comparison between different levels of theory in our benchmark study, all vibrational frequencies were left unscaled, as is good practice in such circumstances. 43 We computed all vibrational frequencies irrespective of their IR or Raman visibility. Since experimental assignments are always subject to change and very difficult for these species due to their many IR and Raman silent modes, we chose the high-level BLYP/cc-pVTZ calculation as reference ͑ i 0 ͒ to which we compute root mean square deviations rsm as frequency-weighted
Only when we explicitly discuss deviations from experimental values, the latter become assigned as i 0 . The rms values are considerably larger than the "average differences" between n experimental and calculated frequencies quoted by Schettino et al., 25, 44 which are calculated as
Weighted and unweighted rms 's are typically used to characterize the agreement of calculated vibrational frequency sets with reference data sets and are typically on the order of 10 cm −1 in case of excellent agreement, which can usually only be achieved by fitting scaling parameters of individual force constant matrix elements as devised by Pulay et al. 48 ͑see, for instance, Refs. 39 and 49͒ although global scaling may sometimes succeed as well. 25 Since the aim of this work is not an elaborate analysis and assignment of the vibrational spectra of C 28 , C 60 , and C 70 , we refer the reader to previous excellent reports discussing the genetic relationship between C 60 and C 70 vibrational modes 50 and their symmetry justifications. 44 As it was also pointed out that the number of anharmonic force constants of C 60 and C 70 is prohibitively large for an application to achieve a realistic force field comparable to experiment, 51 we are restricting ourselves here to comparisons of harmonic vibrational frequencies with the highest level of theory we could afford, namely, BLYP/cc-pVTZ. In designing our benchmark calculations, it was our hope that the BLYP functional intrinsically provides for a good agreement with experiment, which we found is generally true as will be described in the following paragraphs for each species, C 28 , C 60 , and C 70 .
D 2 C 28
No experimental vibrational spectra exist on this lowestenergetic closed-shell isomer of C 28 . We therefore list only harmonic vibrational frequencies at the BLYP/cc-pVTZ, BLYP/ 6-31G͑d͒, BLYP/3-21G, and SCC-DFTB levels of theory in Table II symmetry͒ computed using BLYP/cc-pVTZ, BLYP/ 6-31G͑d͒, BLYP/3-21G, and SCC-DFTB. All modes are Raman active and all B 1 , B 2 , and B 3 modes are IR active. Root mean square deviations are given with respect to BLYP/cc-pVTZ ͑ i 0 ͒ and given as frequency- 277.7 cm −1 at the BLYP/ 6-31G͑d͒ level, and overshoots the cc-pVTZ level with 302.0 cm −1 at BLYP/3-21G. The SCC-DFTB value for this mode is 311.4 cm −1 , more similar to the small basis set DFT result. This particular behavior of vibrational frequencies with the applied method is, however, not universal, and the tabulated values do not allow to find a systematic trend regarding frequency shifts with the level of theory. We only note one exception, namely, that there exists some systematic blueshift from BLYP/cc-pVTZ to SCC-DFTB for the very highest frequencies, such as B3LYP/ccpVTZ A 1 1376. 8 
I h C 60
Since the experimental assignment of silent modes other than Raman active A g and H g and IR active T 1u modes is very difficult, 39 we include only the experimentally visible modes in our benchmark comparison. Here, we also list the scaled and unscaled B3LYP/ 6-31G͑d͒ values reported by Schettino et al. 25 in Table III cies; the picture is rather nonuniform. We note, however, that, in particular, in the SCC-DFTB and BLYP/3-21G regions between 600 and 700 cm −1 , the basis set effect on the values of these particular frequencies is very significant; in going from 3-21G to cc-pVTZ basis sets, the BLYP vibrational frequencies increase by more than 100 wave numbers with SCC-DFTB being higher than BLYP/3-21G but lower than BLYP/ 6-31G͑d͒. The nature of these vibrations, invis- ible in IR and Raman, is described as a deformation of the pentagon rings corresponding to out-of-plane motion of its C 2 units. In particular, we note that even for transition from BLYP/ 6-31G͑d͒ to BLYP/cc-pVTZ, corresponding changes can be as large as 50 wave numbers ͓for instance, T 2g BLYP/ cc-pVTZ with 767.9 cm −1 , up from 716.1 cm −1 at BLYP/ 6-31G͑d͒ and 623.8 cm −1 at BLYP/3-21G͔. While we cannot explain at this moment the origin of this strong basis set dependence for these particular pentagon modes, we note that SCC-DFTB performs reasonably well as a minimum basis set method.
D 5h C 70
In this case, we compare our results ͑Table IV͒ with experimental vibrational frequencies available for all irreducible representations from the compilation in Ref. 44 and with the scaled and unscaled B3LYP/ 6-31G͑d͒ values reported by Sun and Kertesz. 26 The values of rms Ј and rms for BLYP/ cc-pVTZ with respect to experimental values are 24.9 and 29.3 cm −1 , respectively, and again indicate some systematic underestimation of high frequency modes at the quantum chemical level, as was the case before with C 60 . A similar behavior is also seen for the unscaled B3LYP/ 6-31G͑d͒ calculations, where the weighted rms Ј with respect to experimental frequencies is 18.2 cm −1 , whereas the unweighted rms is 23.0 cm −1 ͑not listed͒. Again, B3LYP tends to overestimate vibrational frequencies, while BLYP does not show a clear trend. It is indeed astonishing how similar these values are compared to C 60 , especially considering the fact that now all 122 symmetry-unique vibrational frequencies are taken into account. When scaling of B3LYP frequencies by 0.98 is applied, the values of rms Ј and rms with respect to experimental frequencies drop to 7.8 and 9.2 cm −1 , as was shown by Sun and Kertesz. 26 The values of rms Ј and rms for unscaled B3LYP/ 6-31G͑d͒ with respect to BLYP/cc-pVTZ for scaled and unscaled deviations, respectively. Again, it is striking how similar the level-specific rms Ј and rms values for C 60 and C 70 species are, indicating the common nature between the two sets of vibrational modes. 44, 50 Regarding the lowest vibrational frequencies, we note that the lowest E 2 Ј vibrational mode related to the fivefold degenerate C 60 breathing modes at BLYP/cc-pVTZ 222.2 cm −1 is even lower compared to C 60 by 38.0 cm −1 , reflecting the increase in cage diameter. Its corresponding values at the BLYP/ 6-31G͑d͒, BLYP/3-21G, and SCC-DFTB levels of theory are again very similar with 216.7, 218.6, and 214.2 cm −1 . As was the case in C 60 , we cannot observe a systematic trend of SCC-DFTB towards blueshifting high vibrational frequencies; the picture is rather nonuniform. We also note again the systematic blueshift of modes around 600 and 700 cm −1 at SCC-DFTB and BLYP/3-21G levels of theory; some vibrational frequencies are becoming higher with the increase in basis set, but to a somewhat lesser degree than in the case of C 60 . These modes are also related to pentagon out-of-plane deformations. Here, we have more experimental data to compare with, and somewhat surprisingly we find that the corresponding experimental vibrational frequencies are almost always lower than the BLYP/cc-pVTZ data, indicating that the theory is overshooting in these modes with an increase in the size of basis set. This is "good news" for the SCC-DFTB method, which happens to predict in this case vibrational frequencies in similar agreement with experiment than BLYP/cc-pVTZ although systematically redshifted. Unscaled values from same reference ͑multiplied by factor of 1 / 0.98͒.
C. IR and Raman spectra
Experimental vibrational Fourier transform infrared ͑FTIR͒ spectra of C 60 and C 70 have been taken from Bethune et al. 45 ͑Figs. 3 and 4͒ and analogous FT-Raman spectra from Lynch et al. 52 ͑also Figs. 3 and 4͒ . The FTIR spectra were recorded with sample films on KBr and the Raman spectra, with crystalline samples. For C 28 , for which no experimental data are available, we compare the calculated spectra with the BLYP/cc-pVTZ IR spectrum and the BLYP/ 6-31G͑d͒ Raman spectrum. The combined experimental ͑where available͒ and theoretical vibrational IR and Raman spectra for C 28 , C 60 , and C 70 are presented in Figs. 2-4 , respectively, with BLYP/cc-pVTZ IR spectra as highest level of theory in case of IR spectra and BLYP/ 6-31G͑d͒ in case of computed Raman spectra. The Raman intensities have been obtained from calculated Raman activities using the procedure described in Ref. 22 . The necessary parameters ͑ laser = 9398.5 cm −1 and T =25°C͒ are taken from experiment.
When comparisons between experimental and theoretical Raman spectra are discussed, one should keep in mind that experimental Raman intensities depend very strongly on the wavelength of the exciting laser, state of the sample, and the temperature of the experiment. It is very difficult to compare Raman spectra obtained in different experimental conditions. To enable comparison of various measurements, another quantity is rather employed called Raman activity. The dependence of Raman activities on the laser wavelength and temperature is much smaller. Raman activities can be computed in an easy manner from invariants of the polarizability derivative tensor and are the quantities computed by popular quantum chemistry packages, for example, in GAUSSIAN. It is very important to stress here that the Raman activities determined from quantum chemical calculations cannot be directly compared with observed Raman intensities, since the relationship between these two sets of quantities is very nonlinear. Unfortunately, this mistake is very common while reporting Raman spectra.
Notwithstanding this principal obstacle, we note that the overall quality of the SCC-DFTB IR and Raman spectra is surprisingly good, even when compared to the experimental C 60 and C 70 spectra, although Raman intensities, in particular, in the case of C 60 are somewhat problematic for the reasons mentioned above, specifically, the peaks at 500 and 1500 cm −1 , where all quantum chemical methods predict largely different Raman intensities. The IR and Raman spectra for C 60 and C 70 calculated with SCC-DFTB and with BLYP/3-21G are almost identical with small deviations concerning the intensity of some peaks. They match also well the experimental findings ͑the experimental spectra were recorded not in gas-phase but for solid-state fullerences, which may affect substantially the observed intensities͒. The largest discrepancies regarding the SCC-DFTB relative intensities compared with those predicted from BLYP can be observed for C 28 . In this case, all three calculated spectra corresponding to different quantum chemical methods, both for IR and Raman, show some similarities; however, it would be difficult to conclude that they correspond to the same molecule. This is particularly true for the IR spectrum in the 800 cm −1 region, where SCC-DFTB and BLYP/3-21G predict the existence of two large-intensity peaks, whereas BLYP/cc-pVTZ predicts rather low intensity peaks instead. The computed spectra suggest that the size of the basis set can be crucial for calculating IR and Raman spectra for C 28 . The corresponding properties of C 60 and C 70 are much less dependent on the size of basis set. The origin of the special behavior of C 28 regarding IR and Raman intensities can be seen in its much smaller highest occupied molecular orbital-lowest unoccupied molecular orbital ͑HOMO-LUMO͒ gap than for the other two fullerene molecules; its values determined with DFT/BLYP/cc-pVTZ are 0.52 eV for C 28 , 1.66 eV for C 60 , and 1.69 eV for C 70 . Smaller gap usually denotes larger open-shell character of a given molecule and increases the contribution of low-lying virtual molecular levels on the properties of the system. 
D. Vibrational density of states "VDOS…
The VDOS is normally calculated for solid systems by performing Fourier analysis of the velocity-velocity autocorrelation function 53 and usually yields information about vibrational properties of such extended systems with respect to energy and spatial localization of particular vibrational modes ͑"phonons"͒. In order to make the results of our vibrational frequency benchmark analysis applicable to nanoscale systems, we simulate a VDOS of all modes irrespective of their optical activities obtained as a superposition of Gaussian peaks ͑half-width=35.3 cm −1 ͒ corresponding to discrete vibrational frequencies discussed in Sec. III B. The experimental and theoretical VDOSs of C 28 , C 60 , and C 70 are presented in Fig. 5 and are used to show the performance of the SCC-DFTB method for all vibrational states that are crucial for determining various thermodynamic properties, for instance, entropy. We visually compare the calculated SCC-DFTB VDOS with experimental data and with BLYP/ccpVTZ and BLYP/3-21G results except for C 28 , where no experimental data are available.
For C 60 and C 70 , the correspondence of the SCC-DFTB and BLYP/3-21G vibrational densities of states is surprisingly good; this is so even though the rms between these data sets ͑not discussed above͒ is rather large with 29.9 cm −1 ͑C 28 ͒, 19.8 cm −1 ͑C 60 ͒, and 26.4 cm −1 ͑C 70 ͒. We find it remarkable that data sets with relatively large rms can produce similarly looking VDOS, an indication that the quality of predicted vibrational frequencies cannot be reduced to a single number such as the average deviation from a reference data set. In particular, a large peak around 650 cm −1 can be seen for all four VDOSs of C 60 and C 70 , which correspond mainly to highly degenerate C 2 out-of-plane rotations in pentagons, all of which being dark or having low IR or Raman intensities. This large band experiences the largest blueshift with increasing basis set size, as discussed in Sec. III B, which is why its peak can be found between 700 and 800 cm −1 for both VDOSs from experiment and BLYP/ccpVTZ. Concerning the features below 650 cm −1 , all four VDOSs of each C 60 and C 70 species share the same feature of four peaks increasing in intensity with increasing frequencies. Above 800 cm −1 , the features are not very clear and it is hard to establish a plausible correspondence between VDOS peaks. Overall, the correspondence of the VDOS predicted by SCC-DFTB to that of large basis set BLYP/cc-pVTZ and experimental VDOS is rather mediocre, with the exception of C 28 , where the theoretical curves show similar overall shapes. In the cases where experimental data are available ͑C 60 and C 70 ͒, the experimental VDOS is not surprisingly very similar in shape compared to the corresponding BLYP/ cc-pVTZ ͑most accurate͒ theoretical data set. In conclusion, we find that SCC-DFTB mimics the VDOS of small basis set DFT calculations and correctly predicts its general features even when compared to experimental or larger basis set DFT calculations; however, care needs to be taken concerning position and exact shape of peaks.
E. Electronic density of state "DOS…
Although the eigenstates of the fullerene electronic Hamiltonian are typically discussed in terms of molecular orbitals ͑MOs͒ with degeneracy relationships dictated by the high molecular symmetries, 54 the electronic structures of fullerene-containing nanoscale systems such as peapods are typically discussed in terms of electronic density of states ͑DOS͒, 55 here computed with 0.059 a.u. Gaussian halfwidth. It is for this reason that we present here the DOS of C 28 , C 60 , and C 70 calculated at the BLYP/cc-pVTZ, BLYP/ 3-21G, and SCC-DFTB levels of theory in Fig. 6 and compare them to evaluate the accuracy of the SCC-DFTB DOS. These plots are obtained as a superposition of Gaussian peaks corresponding to discrete orbital energy levels. The Fermi level, determined as an averaged energy of the highest occupied MO ͑HOMO͒ and lowest unoccupied MO ͑LUMO͒ orbitals, is denoted with a vertical arrow labeled "FE" on each plot. Table V lists the Fermi levels for all three fullerenes at all three levels of theory; the differences between DFT and SCC-DFTB are on the order of 0.3 eV for C 60 and C 70 and much smaller for C 28 , while the basis set effect is almost negligible. In case of C 28 , FE is located at a maximum in DOS which coincides with the very small HOMO-LUMO gap in this molecule, whereas for the more stable C 60 and C 70 species, the FE is located at a minimum. For C 28 , the FE is also lower at all levels of theory than C 60 and C 70 , indicating the strong electron deficiency of this unstable species. We also note that the Fermi level is located at almost the same energy of −4.7 eV in case of C 60 and C 70 , indicating similar redox properties for these species as has been demonstrated experimentally before. 56 Moreover, for each species, the DOS in the vicinity of the Fermi level and the DOS corresponding to occupied orbitals ͑"valence band"͒ are very similar for all the methods and do not even differ much between individual fullerene species for the region down to −1.0 hartree; a large peak around −0.4 hartree is followed by two to three smaller peaks down to −0.8 hartree, after which the DOS rapidly drops to zero. The shape of the DOS corresponding to unoccupied orbitals ͑"conduction band"͒ is strongly dependent on the size of basis set used for the calculations; generally speaking, the larger the basis set, the higher the DOS for unoccupied eigenstates. This trend can be clearly seen when a split valence double zeta ͑3-21G͒ basis set is compared with the highly polarized cc-pVTZ basis set at the BLYP level; features and absolute DOS are extremely different for both cases. Since SCC-DFTB uses a minimal valence basis set, its corresponding DOS in this region mimics more closely the BLYP/3-21G result. This rather intuitive finding suggests that SCC-DFTB can be potentially used for calculating only the lowest UV transitions within a time-dependent ͑TD͒ SCC-DFTB response analysis framework, 57 somewhat different to the situation of TD-DFT. 58 
IV. SUMMARY AND CONCLUSIONS
We have calculated optimized geometries, vibrational spectra, and vibrational and electronic density of states of three closed-shell fullerene D 2 C 28 , I h C 60 , and D 5h C 70 isomers using a variety of DFT and DFTB methods. The optimized geometries are reproduced with small deviations. SCC-DFTB and DFTB overestimate bond lengths by as much as 0.03 Å for all three fullerenes when compared with B3LYP/cc-pVTZ data, but only by 0.01 Å relative to BLYP/ 3-21G data. In a detailed analysis of unscaled harmonic vibrational frequencies, we find very interesting correlations between the root mean square deviations rms of BLYP/ 6-31G͑d͒, BLYP/3-21G, SCC-DFTB, and B3LYP/ 6-31G͑d͒, with respect to the most accurate BLYP/cc-pVTZ level of theory and experiment; while C 28 is somewhat special due to its high ring strain and low-lying virtual orbitals, the corresponding values of rms are highly transferable between C 60 and C 70 , with approximately 18 cm −1 ͓BLYP/ 6-31G͑d͔͒, 40 cm −1 ͑BLYP/3-21G͒, 32 cm −1 ͑SCC-DFTB͒, and 45 cm −1 ͓B3LYP/ 6-31G͑d͔͒. While it is true that B3LYP results can be systematically improved to match experiment better by applying a global scaling factor of about 0.98, the aim of our benchmark was to provide an "honest" comparison for each method itself and to see how SCC-DFTB performs with respect to its "originating" method, namely, generalized gradient approximation ͑GGA͒ DFT. In this sense, accuracy of the SCC-DFTB-predicted vibrational frequencies is of comparable or better quality than those from BLYP with small or medium basis sets. In the case of pentagon deformation modes around 600-700 cm −1 , we find that the basis set effect is very strong in this case and that BLYP/cc-pVTZ overshoots the experimental results somewhat, while SCC-DFTB and small basis set BLYP underestimate the frequencies of the same modes. Regarding the modeling of vibrational IR and Raman spectra of various fullerene structures, we find that the SCC-DFTBpredicted spectra show good correspondence to experiment and more elaborate theoretical findings. The quality of spectra is better for fullerenes with larger HOMO-LUMO gap. The SCC-DFTB vibrational density of states ͑VDOS͒ corresponds well to BLYP calculations and mimics small basis set results better. However, BLYP/cc-pVTZ VDOS features are generally reproduced rather well, although exact position and shape of SCC-DFTB VDOS features need to be treated with care. The SCC-DFTB electronic densities of states reproduce well the Fermi levels and densities of occupied and lowest virtual one-electron energy levels.
We conclude that the SCC-DFTB method can be safely employed for determination of vibrational properties of carbon fullerenes and nanotubes provided that the studied struc- 
